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Abstract
Timofeev, I., F. Grenier, and M. Steriade. Contribution of intrinsic neuronal factors in the generation of cortically driven seizures. J. Neurophysiol. 00: 0000, 2004 . Some electrographic seizures are generated intracortically. The cellular and ionic bases of cortically generated spontaneous seizures are not fully understood. Here, we investigated spontaneously occurring seizures consisting of spike-wave complexes intermingled with fast runs in ketamine-xylazine anesthetized cats, using dual intracellular recordings in which one pipette contained a control solution and another pipette contained blockers of either K + or Na + or Ca 2+ currents. We show that closely located neocortical neurons display virtually identical fluctuations of the membrane potential during electrographic seizures, thus directly demonstrating a high degree of focal synchrony during paroxysmal activity. In addition to synaptic drives, the persistent Na + current (I Na(p) ) and probably the high-threshold Ca 2+ current contributed to the generation of paroxysmal depolarizing shifts (PDSs) during cortically driven seizures. Ca
2+
-activated K + current (I K(Ca) ) took also part in the control of the amplitude and duration of PDSs. The hyperpolarizing components of seizures largely depended on Cs + -sensitive K + currents. I K(Ca) played a significant, while not exclusive, role in the mediation of hyperpolarizing potentials related to EEG "waves" during spike-wave seizures. We conclude that intrinsic cellular factors have significant role in the generation of depolarizing and hyperpolarizing components of seizures.
Introduction
There are tens of distinct types of epileptic seizures (Commission… 1989; Niedermeyer 1999a, b) and different neuronal substrates contribute to the generation of various electrographic paroxysms. Studies on experimental animals show that some electrical seizures are generated intracortically, even in the absence of the thalamus (Steriade and Contreras 1998). These seizures are characterized by spike-wave (SW) or spikewave/polyspike-wave (SW/PSW) complexes of 1.5-3 Hz, intermingled with episodes of fast runs at ~10-20 Hz (Neckelmann et al. 1998; Steriade and Contreras 1998; Steriade et al. 1998b; Timofeev et al. 1998) . Generally, these seizures evolve from the cortically generated slow oscillation (Steriade and Contreras 1995; Steriade et al. 1998b ) that might be shaped by the thalamus (Hughes et al. 2002) . The electrographic pattern of these seizures as well as their occurrence during slow-wave sleep resemble the clinical LennoxGastaut syndrome of humans (Halasz 1991; Kotagal 1995; Niedermeyer 1999a, b) .
The treatment of these seizures is usually based on the use of antiepileptic drugs that (a) limit sustained repetitive firing via use-dependent blockage of voltage-gated Na -activated K + current and possibly low-threshold Ca 2+ current (Crunelli and Leresche 2002) . However, despite antiepileptic drug treatment, more than one third of patients continue to display seizures (Kwan and Brodie 2000) . This suggests that other abnormalities than impaired inhibition and enhanced activity of Na + currents may be involved in the generation of such paroxysmal activities.
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The cellular mechanisms underlying the generation of electrical seizures were explored since the sixties (Matsumoto and Ajmone-Marsan 1964a, b) . Despite significant efforts, we still lack data to account for all neuronal mechanisms that are involved in paroxysmal activities. Initial studies suggested that the paroxysmal depolarizing shift (PDS) consists of a giant EPSP (Johnston and Brown 1981) , enhanced by activation of voltage-regulated intrinsic currents (de Curtis et al. 1999; Dichter and Ayala 1987; Prince and Connors 1984; Westbrook and Lothman 1983; Wong and Prince 1978) . These and other similar studies were performed in the presence of GABA A receptor antagonists.
Some experimental data point out that synaptic inhibition remains functional in many forms of paroxysmal activities (Davenport et al. 1990; Esclapez et al. 1997; Higashima 1988; Prince and Jacobs 1998; Timofeev et al. 2002a; Traub et al. 1996) and more recent studies suggest that GABAergic activities in the epileptic foci depolarize postsynaptic neurons (Cohen et al. 2002; Timofeev et al. 2002a ).
In conjunction with our recent studies (Bazhenov et al. 2003; Timofeev et al. 2002a, b) Timofeev et al.
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Materials and Methods
Intracellular recordings from neocortical neurons were performed in 92 cats anesthetized with ketamine-xylazine (10-15 mg/kg and 2-3 mg/kg; i.m.). The electroencephalogram (EEG) was monitored continuously during the experiments to maintain a sufficient level of anaesthesia. Additional doses of anaesthetic were given at the slightest tendency toward an activated EEG pattern. In addition, all pressure points and tissues to be incised were infiltrated with lidocaine (0.5%). Gallamine triethiodide (20 mg/kg) was given i.v.
and cats were artificially ventilated to an end-tidal CO 2 of 3.5-3.8 %. The heartbeat was monitored and kept constant (acceptable range, 90-110 beats/min). Body temperature was maintained at 37 o -39 o C. Glucose saline (5% glucose, 10 ml i.p.) was given every 3-4 h during the experiments, which lasted for 8-14 h. The stability of intracellular recordings was ensured by cisternal drainage, bilateral pneumothorax, hip suspension and filling the hole made in the skull with a solution of agar-agar (4%). All experimental procedures were performed according to national guidelines and were approved by the committee for animal care of Laval University.
Field potential recordings and stimulation were obtained by using bipolar coaxial macroelectrodes inserted into the cortex. The outer pole of the electrode was placed at the cortical surface or 0.1 mm deeper, while the inner pole was placed at 0. At the end of all experiments animals were given a lethal dose of sodium pentobarbital (50 mg/kg i.v.), perfused, and proceeded for revealing intracellularly stained neurons (see Fig. 1 ).
Results
Database
We aimed to obtain dual simultaneous intracellular recordings from pairs of closely located neurons (lateral distance less than 0.5 mm) and the actual distance measured from intracellularly stained pairs of neurons (n=15) was less than 0.3 mm (Fig.   1 ). We recorded intracellular activities from 391 cortical neurons located at depths between 300 µm and 1800 µm (micromanipulator reading During both hyperpolarizations associated with EEG "waves" and postictal depression, the apparent input resistance of neurons recorded with CsAc-filled pipettes was three times higher than the input resistance of neurons recorded with KAc filled pipettes (p<0.01) (Fig. 3) . However, the input resistance during EEG "spikes" was similar in both conditions (CsAc-and KAc-filled pipettes). These data suggest that the hyperpolarizing potentials associated with seizures were almost exclusively mediated by Cs + sensitive K + currents and the relative role of these currents was small during the PDS. -activated K + current (I K(Ca) ) in the EEG "wave" components of seizures, we filled up pipettes with BAPTA (50 mM), an intracellular Ca 2+ chelator. The major effect of BAPTA on paroxysmal intracellular activities was a decrease in the amplitude of EEG "wave"-related hyperpolarizing potentials by 7-11 mV (9.3 ± 0.2 mV, mean ± S.E.) and a slight (1-2 mV) increase in the maximal depolarization achieved during the PDSs (Fig. 4) , as was estimated from histograms of membrane potential distribution. This effect was fully reached within the first 3-5 min of recording and did not change for the duration of the recording (maximum 60 min). Long-lasting recordings with BAPTA also decreased by a few millivolts the spike AHP. Similarly to Since intracellularly applied BAPTA depolarized neuron during hyperpolarizing phases of seizures, it could affect some voltage-dependent currents that were implicated in the generation of PDS. In order to study the effects of BAPTA on the generation of PDSs, we performed dual intracellular recordings in which the neurons impaled with BAPTA-containing pipette were injected with steady hyperpolarizing current to maintain the level of hyperpolarization that was observed in the neighboring neurons recorded with KAc-filled pipettes during the EEG "wave"-related hyperpolarizations. These recordings revealed that I K(Ca) controls both the amplitude and the duration of PDSs (Fig. 5) 6 , A with Fig. 6, B) . These data suggest that I K(Ca) significantly contributes to the generation of hyperpolarizing phases of seizures, but also indicate that other K + currents were implicated in the generation of these hyperpolarizing components.
Depolarizing components of seizures
The depolarizing components of seizures under scrutiny are represented by PDSs during SW/PSW complexes and the steady depolarization of cortical neurons during the fast runs. Since neurons achieve a significant depolarization during both these components, often higher than the firing threshold, we hypothesized that in addition to synaptic drive (Johnston and Brown 1981) some high-threshold voltage activated currents may contribute to the generation of PDS. In a previous study, we have shown that PDSs increase their duration upon intracellular injection of steady depolarizing current (Timofeev et al. 2002a Fig. 7) and fast runs at ~10 Hz (Fig. 8) . The earliest effects of intracellularly diffused QX-314 were seen in 1-2 min after impalement and consisted of small reduction in the maximal depolarization achieved by the neuron during the PDS. At that time, the fast spikes generated by the transient Na In a previous study (Timofeev et al. 2002b ), we suggested that each paroxysmal cycle is triggered by ~20% of cortical neurons that express hyperpolarization-activated depolarizing current (I h ). In the other 80% of neurons, the onset of PDS is likely driven by synaptic conductances. To study the role of I Na(p) in the enhancement of the initial synaptic depolarization, we performed wave-triggered averages where the maximum of EEG depth-negativity was taken as zero (Fig. 8) . These data showed that not only the amplitude, but also the slope, of PDS was slower in neurons recorded with pipettes filled with QX-314. This strongly suggests that I Na(p) significantly contributes in boosting the amplitude, slope, and the maintenance of depolarization reached during the PDS.
Discussion
The major findings of this study are as follows. 
Some methodological issues
Each seizure is unique and each neuron is different as it has a given number of synapses, located at various compartments, and a unique set of intrinsic currents. The relative contributions of all synaptic and intrinsic currents experienced by cortical neurons during an electrical seizure at a given neocortical site are different. We stained some of the recorded neurons and we were able to reveal during subsequent morphological analysis that the lateral distance between these neurons was less then 0.3 mm (see Fig. 1 ). Given such close distance between recorded neurons, and similarly to studies in other forebrain structures (Stern et al. 1998) , the large-scale synchrony in fluctuations of the membrane potential was similar, but on a smaller scale and during normal brain oscillations the membrane potential of neurons was different. However, during seizures the membrane potential of closely located recorded neurons was virtually identical (Fig. 1) . Thus, to Timofeev et al.
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evaluate the role of possible currents contributing to the generation of different components of seizures, we used simultaneous dual intracellular recordings in which one of the pipettes was filled with a substance to block some currents. This method allowed us to compare the effects of different intracellular drugs with control recordings during the same seizure. Most of the drugs used in the present study had a fast action and, after stabilization of recording, the drug already affected intracellular activities. In those instances in which the quality of recordings was good even immediately after impalement, we were able to study the activity of the same neuron at the beginning of recording as well as several minutes later, compared with the activity of a nearby, simultaneously recorded neuron (Fig. 5) . In such conditions, the intracellular activities of neurons recorded with pipettes filled with KAc and with pipettes containing other solutions were very similar at the beginning of recordings, and differences between recordings with two different pipettes (as described in the Results section) became apparent after several minutes. Thus, we are confident that the reported results represent the effects of intracellularly applied drugs on neuronal activities.
Another issue concerns the specificity and the spatial extent of the intracellular drugs. The intracellular Cs + used in this study blocks most of K + conductances (Hille 2001). As such, the major outward currents were turned off; the neuron became depolarized, and in this state the high-threshold currents were non-specifically activated.
QX-314 is usually used to block the voltage-gated Na + currents and G-protein dependent K + currents (Andrade 1991; Andreasen and Hablitz 1993; Benardo et al. 1982; Wilson and Kawaguchi 1996) and it also partially blocks high-threshold Ca 2+ currents (Talbot and Sayer 1996) . However, in our experiments the QX-314 did not affect the All in all, our data suggest which conductances contribute to the generation of different components of seizures, but cannot indicate the extent of the action. To compensate for this incompleteness of measurements, we used a computational modeling approach that is fully described in the companion paper (Bazhenov et al. 2003) . (de Curtis et al. 1999; Dichter and Ayala 1987; Prince and Connors 1984; Westbrook and Lothman 1983; Wong and Prince 1978) . In the present study, the effects exerted by QX-314 support the idea that I Na(p) (Crill 1996; Stafstrom et al. 1982) contributes to the generation of PDSs in vivo (Figs. 7-8 ). The fact that intracellularly infused BAPTA affected both de-and hyperpolarizing components of seizure indicates that significant quantities of Ca 2+ entered the neurons during the PDS. An important contribution of NMDA-dependent Ca 2+ contribution is unlikely, because our experiments were done under ketamine-xylazine anesthesia and ketamine at anesthetic doses blocks NMDA dependent synaptic events (MacDonald et al. 1991) . Our data do not allow the exact estimation of the ratio of different depolarizing factors, because synaptic depolarizing influences activate intrinsic Na + and Ca 2+ conductances that boost each other. However, given the fact that I Na(p) is activated at voltages that are by 10 mV lower that the firing threshold of neurons (Crill 1996), we expect that the initial intrinsic drive (Fig. 2) , thus pointing to a dominant role of K + currents in the generation of seizure-related hyperpolarizing potentials. However, such a strong depolarization was probably achieved by activation of Ca 2+ currents, in the absence of the majority of hyperpolarizing K + currents, rather than by the simple absence of hyperpolarizing influences. This conclusion is also based on the fact that, during seizures, when the time between consecutive PDSs was short and there was no depolarizing drive to generate depolarizing plateau potentials, the membrane potential remained unchanged (Fig. 2) .
Sequence of events leading to the seizure generation, maintenance and termination
Intracellular BAPTA significantly decreased hyperpolarizing potentials during the seizure Timofeev et al.
Intrinsic neuronal factors in seizures 20 (Fig. 4) , but its effect was much less strong, compared to that of intracellularly infused Cs + , suggesting that other K + currents contributed to the generation of hyperpolarizing potentials. One of the most likely candidates is I K(Na) (Schwindt et al. 1989 ). Indeed, a significant amount of Na + enters cortical neurons during the PDSs and may thus activate this current.
The 
